We demonstrate the fabrication of graphene-deposited tapered fibers (GDTFs), which can be used as saturable absorbers (SAs) for pulsed lasers. The advantages of GDTF SAs include flexibility, all-fiber configuration, and high optical damage threshold. The fabrication process is based on the interaction of the evanescent field of a tapered fiber with graphene. By in situ monitoring the transmitted power, the deposition process can be controlled, and the GDTF with a desirable level of nonsaturable absorption loss can be fabricated. We also study the dynamic deposition process by employing different waist diameters of tapered fibers and the different deposition powers. The results show that the deposition time can be significantly shortened with stronger evanescent field by decreasing the taper diameter or increasing the deposition power. Furthermore, by exploiting the GDTF as an intracavity passive power modulating element, we demonstrate efficient Q-switched and mode-locked erbium-doped fiber lasers, respectively.
Introduction
Passively Q-switched and mode-locked lasers based on saturable absorbers (SAs) are two main mechanisms for enabling pulsed lasers, which have great potential applications in spectroscopy, biomedical diagnoses, material processing, and fiber telecommunication. Conventionally, semiconductor SA mirrors (SESAMs) have been generally employed as SAs for most commercial applications [1] . However, the SESAMs exhibit intrinsic disadvantages, including expensive complex fabrication and package and limited operation bandwidth (tens of nanometers) [2] . In contrary, a better choice is to employ single-walled carbon nanotubes (SWNTs) and graphene as SAs, having fast recovery time, low saturation intensity, large modulation depth, low cost, and ease of fabrication [3] - [29] . Unlike the SWNTs that require band-gap tuning by controlling the diameter and chirality to operate at special waveband, the graphene possesses the excellently intrinsic advantage of ultrawide operating spectral range due to the gapless linear dispersion of Dirac electrons [3] - [5] . Therefore, graphene-based SAs (GSAs) have been considered as one of the ideal materials for generating pulsed lasers. In the case of mode-locking regime, 176-fs pulse generation [8] and largeenergy solitons [9] have been achieved, respectively. In the case of Q-switching regime, up to 46-nJ pulse energy with a 70-ns pulsewidth has also been presented [17] .
So far, various GSAs based on graphene nanosheets [4] , [28] , graphene-polymer films [9] - [11] , and graphene solutions [20] have been used for generating pulsed lasers. In most of these reports, the GSA is usually placed between two fiber ferrules (i.e., sandwich structure) to let the propagating light directly penetrate into graphene layers. This method easily leads to the thermal damage of graphene. In order to guarantee a safe and robust operation of GSA, an alternative method is to employ evanescent coupling structure, which has been used in the SWNT-based SAs [21] - [24] . The evanescent coupling structure utilizes the interaction of graphene with evanescent field of guided modes in a tapered fiber. Since only part of optical intensity interacts with the graphene, which is in the form of a thin layer surrounding the taper waist, the GSA with such geometry has an advantage for cooling down and can endure higher optical power. Spraying the reduced grapheneoxide (GO) aqueous solution onto a side-polished fiber, Song et al. have obtained a graphene mode-locker for fiber lasers with the intracavity power up to 21.41 dBm without any thermal damage of graphene [13] . However, the GSA on a side-polished fiber suffers the following drawbacks: 1) it is difficult to obtain a fine polished structure; 2) since the graphene solution is directly evaporated during the fabrication process, it is impossible to obtain a GSA with a desirable value of insertion loss induced by the coated graphene; and 3) it has a high unavoidable polarization sensitivity due to the asymmetric structure of the side-polished fiber [23] .
In this paper, we have demonstrated, for the first time to the best of our knowledge, a GSA based on a tapered fiber that can be used as passive Q-switch or mode-locker to overcome the drawbacks of the sandwich structure and the side-polished one. The GSA is fabricated by the optical deposition method, which has been well employed in carbon nanotubes (CNTs) [25] - [28] and deposited graphene onto the fiber facet end [13] . This method can guarantee the efficient target-focused deposition as well as a very simple and safe way to handle the nanostructures. By immersing the tapered fiber into a droplet of graphene-polymer solution and, at the same time, injecting light into the tapered fiber, we achieve the deposition of graphene onto a tapered fiber. The amount of deposited graphene can be controlled by adjusting the injected power and the deposition time. The experimental results show that: 1) the deposition time can be significantly shortened with stronger evanescent-field intensity, and 2) the insertion loss induced by deposited graphene and the waist diameter of the tapered fiber should be controlled in the range of 3-5 dB and 3-7 m to favorably generate Q-switched or mode-locked lasers, respectively. Furthermore, in order to confirm the saturable absorption characteristic, we demonstrate both a passively Q-switched fiber laser and a passively mode-locked fiber laser using the fabricated devices. Our proposed tapered-fiber-based GSA shows the advantages of compactness, stability, and all-fiber configuration and has potential applications in pulsed fiber lasers with a higher thermal damage threshold.
Fabrication of GDTFs
The experimental setup for the fabrication of tapered fibers is shown in Fig. 1 . A bare single-mode fiber (SMF, Corning SMF-28) was held by two fiber clamps that were fixed on two motorized transition stages (MTSs). When the central section of the fiber was heated to its softening point by a butane flame, it was stretched as the two fiber clamps were symmetrically moving apart at the same speed of about 0.3 mm/s. A 1550-nm laser diode (LD) was used as the injected light source, and the propagation loss of the fiber was monitored by a power meter during the fabrication process. The flame width is a critical parameter, and both the length of the taper waist and the adiabatic criteria depend on it [30] . In our experiment, using a fixed flame width ($4 mm) and properly adjusting the stretching length, we have achieved tapered fibers of different diameters (ranging from 2 m to 8 m) with a high transmittance of more than 90% (insertion loss G 0.5 dB).
Then, we deposited the graphene onto the tapered fiber with a setup illustrated in Fig. 2(a) . In our experiment, we chose graphene-polymer composites aqueous solution for optical evanescent-field deposition, as the graphene-polymer composites in an optical deposition process can be better deformation-immunized than the pure graphene [12] . The graphene nanosheets were fabricated by the reduced GO methods mentioned in our previous paper [19] , and the graphene-polymer aqueous solution with a concentration of 5 mg/ml was further obtained by grafting with polyNisopropylacrylamide (PNIPAAm) and poly-acrylic-acid (PAA). Owing to the fragile characteristic of the tapered fiber, it was carefully transferred and glued onto a U-shape metal mount. The droplet of the graphene-polymer aqueous solution was then applied, and the taper waist was immersed into the droplet. Light from a commercial 1550-nm LD with output power up to $25 mW was injected into the tapered fiber for optical evanescent-field deposition. The transmission power was monitored by a power meter in order to control the deposition time. Fig. 2 (b) describes the conceptual schematic of graphene deposition onto the tapered fiber via the evanescent light. Since the diameter of the taper waist is only several micrometers, the taperedfiber core can be neglected, and the fiber cladding combining the surrounding air acts as a new waveguide. Thus, the propagating guided modes will expand to the air, forming the evanescent field and consequently interact with the droplet of graphene aqueous solution around the taper waist. The physical mechanism of optical deposition of nanoparticles has been summarized in [12] and [28] , and in our experiment can be explained as follows: 1) optical trapping caused by the optical tweezer effect due to the interaction of the optical intensity gradient and the dipole moment of graphene-polymer composites; 2) strong convection flow that is caused by localized heating in suspensions of dielectric particles; 3) thermophoresis occurring at the taper/graphene-droplet interface induced by the optical absorption of graphene.
In the experiment, a graphene droplet was dripped to the tapered fiber with a taper waist diameter of 3.2 m, a stretching length of 24 mm, and an insertion loss of 0.5 dB, and the power of the injected light was 16.5 mW. The transmission power was drastically decreased in 2 min, indicating the start of deposition. When the deposition process lasted about 70 s after the start of deposition, we turned off the injected light and carefully shifted the tapered fiber from the droplet. The image of a graphene-deposited tapered fiber (GDTF), obtained by using an optical microscope, is shown in Fig. 3 (a). Graphene had been well deposited on the tapered fiber with a deposition length of $ 8 m and a thickness of $1 m. To further and intuitively confirm the deposition of graphene, we injected a visible laser into the tapered fiber from a 5-mW/635-nm LD to observe the tapered fiber by optical microscopy before and after depositing the graphene-polymer composites, as illustrated in Fig. 3 and (c), respectively. The graphene-induced scattering loss is obvious as shown in Fig. 3(c) , indicating the good deposition of graphene nanocomposites. In order to measure the saturable absorption properties of this device, we used a 1.5-m mode-locked laser together with an optical power meter to measure the intensity modulation depth. This device has the modulation depth of 1.5%, comparable to the reported values [8] .
During the deposition, we also recorded the dependence of normalized transmission power on the deposition time under different deposition powers and different taper waist diameters. As shown in Fig. 4(a) , the start time of deposition is 10 s, 120 s, and 330 s at the injecting power of 19.7 mW, 16.5 mW, and 9.1 mW for a 3.2-m taper fiber, respectively. The deposition time for inducing 3-dB insertion loss is 40 s, 130 s, and 370 s with the three deposition power levels, respectively. By varying the taper diameter from 2.0 m to 7.0 m, the start time of deposition and the deposition time for 3-dB insertion loss at 16.5-mW injecting power can be tuned from 5 s to 160 s and from 45 s to 200 s, respectively, as illustrated in Fig. 4(b) . The experimental results indicate that the optical deposition rate increases with the intensity of evanescent field, which depends on the deposition power and the diameter of the taper waist. And we believe that it has a power density threshold for the optical deposition of graphene around the tapered fiber. However, when we injected the highest power up to $25 mW into a tapered fiber with the waist diameter smaller than 2 m, the optical absorption-induced thermal effects could destroy the tapered fiber. This attributes to the fact that the taper/graphene-droplet interface is too small to diffuse heat induced by the light absorption. In addition, the nonuniformity and impurity of the graphene solution will lead to inhomogeneous deposition, which possibly gives rise to thermal damage. Therefore, in order to fabricate a GSA with higher thermal damage threshold, it is better to use a robust taper with diameter more than 3 m and a good homogenous graphene-polymer composites solution. In addition to using large fiber diameters, employing a heat sink below/around the tapered fibers will also be a good choice to improve heat dissipation.
Pulsed Generation With GDTFs
In the experiment, we find that it is difficult to generate Q-switching or mode-locking with the taper waist diameter larger than 7 m, which suffer the difficulty to reach the saturable threshold with a small evanescent field. In addition, the optimized value of the taper waist diameter for depositing graphene ranges from 3 m to 7 m. Meanwhile, considering the gain of erbium-doped fiber (EDF, Nufern EDFC-980-HP) in our laser cavity, the total insertion loss should be controlled in the range of 3-5 dB to favorably generate Q-switching or mode-locking operation.
Passively Q-Switched Fiber Lasers With GDTFs
In order to confirm the saturable absorption characteristic of the optically deposited graphene that can act as an SA, we inserted a 3.2-m GDTF into an EDF laser cavity for passive Q-switching operation. The GDTF had a total insertion loss of 3.5 dB and a deposited-graphene length of $12 m, respectively. Fig. 5 depicts the experimental setup of the proposed Q-switched fiber laser. A 6-m-long EDF with an absorption coefficient of $2.2 dB/m at 974 nm as gain medium was pumped by a 200-mW/974-nm LD through a wavelength-division multiplexer (WDM). A polarizationindependent optical isolator (ISO) was used to force the unidirectional operation and prevented the effect of EDF-induced amplified spontaneous emission (ASE) to the GSA. The GDTF was spliced in the cavity as a Q-switch. A polarization controller (PC) was utilized to control the polarization state of the laser output. The wavelength-selective element was composed of a fiber Bragg grating (FBG) in combination with an optical circulator, which also ensured clockwise unidirectional operation. The FBG reflection peak is 1539.6 nm with a reflectivity of 90%, and the 3-dB bandwidth of 0.3 nm. The total cavity length was $11 m. The laser output was measured by an optical spectrum analyzer (OSA), a power meter, and an oscilloscope together with a photodetector.
Continuous-wave operation started at the pump power of 8.3 mW, and the Q-switching operation at 9.2 mW. The low threshold for Q-switched generation is attributed to the low saturable intensity. Fig. 6 plots the typical Q-switched pulse trains under the different pump power, which were measured by a 150-MHz bandwidth photodetector. At every specific repetition rate and pump power, the Q-switching pulse output was stable, and no significant pulse jitter was observed on the oscilloscope. Fig. 7(a) shows the dependence of pulse duration and the pulse-repetition rate (PRR) on the pump power. We observed that the pulse duration and the PRR varied with the pump power, which are the typical features of passively Q-switched lasers [31] . The PRR can be widely tuned from 10.36 kHz to 41.8 kHz by varying the pump power from 13.5 mW to 73.7 mW. Using an OSA with a resolution of 0.01 nm, we measured the typical output spectrum at 30.7-mW pump power, and the measured spectrum is shown in Fig. 7(b) . The central wavelength is at 1539.6 nm, and the 3-dB bandwidth [full-width at half-maximum (FWHM)] is $0.02 nm. The pulse envelope of the Q-switched fiber laser is shown in Fig. 7(c) , which has FWHM $ 3:89 s. Meanwhile, we also measured the average output power and the single pulse energy as a function of pump power, as described in Fig. 7(d) . The slope efficiency is $1.8%, and the maximum single pulse energy is 28.7 nJ for 34.2-kHz PRR. However, with further increasing the pump power higher than 65.1 mW, the pulse energy and pulse trains amplitude gradually decreased to zero at 108.1-mW pump power, while the continuous wave still operated with an output power up to 3.38 mW (limited by the pump LD with the maximum pump power of 191.2 mW). The decrease may be caused by 1) the 
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Deposition of Graphene Onto Tapered Fibers inhomogeneous deposition around the tapered fiber; 2) the impure graphene solution; and 3) the intrinsic drawback induced by the fabrication of graphene-polymer composites. The results of inhomogeneous deposition of graphene onto a tapered fiber are mainly caused by the inhomogeneous solution together with the slightly asymmetric structure of the tapered fiber, which gives rise to the different intensity of evanescent field around the taper waist. Thus, exploiting an ideal symmetric tapered fiber will help to reduce the inhomogeneous deposition of graphene. However, under the different surface tension of aqueous suspension, it is hard to achieve perfect-homogeneous deposition. Moreover, during the manufacturing process of graphene, the stability of the aqueous solution is strongly dependent on the pH, the electrolyte concentration as well as the complete removal of metal salts and acids that often remain in the starting graphite oxide [32] . Therefore, by appropriately controlling these parameters, high stability and quality of graphene nanosheets can be achieved. Meanwhile, frequent ultrasonication is necessary to completely exfoliate the graphite oxide into GO for keeping high quality of graphene nanosheets. Finally, we did not observe any thermal damage of the graphene and tapered fiber even increasing the pump power up to the maximum power of 191.2 mW, and the Q-switching operation was observed again with the same properties when the pump power decreased, indicating the high damage threshold. At last, in order to confirm the long-term stability of the Q-switching operation, we measured the radio frequency (RF) spectra of the laser output of Q-switched pulse operation for 30 min at 3-min intervals, as shown in Fig. 8 . The peak-to-pedestal extinction is $30 dB (10 3 contrast) and not significant RF-intensity variations for a half hour, indicating the pulse stability. Actually, we almost continuously operated the experiment for half day without significant intensity variations.
Passively Mode-Locked Fiber Lasers With GDTFs
We further demonstrate the GDTF devices for the mode-locked fiber lasers. The experimental setup for mode-locked fiber lasers is schematically shown in Fig. 9 . A piece of a 50-m-long SMF was added to the cavity so that the net cavity dispersion was anomalous for mode-locking. A GDTF with a diameter of 4.3 m is used as the mode-locker, whose deposited-graphene length and total insertion loss are $ 8 m and 3.2 dB, respectively. The 10% port of a 90/10 fiber coupler is used to monitor laser output. The other components in the laser cavity have the same parameters and functions mentioned above. Therefore, the total cavity length was about 62 m. The SMF and EDF have the group velocity dispersion (GVD) coefficient of 17 ps/nm/km and À25 ps/nm/km at 1550 nm, respectively. Thus, the total cavity dispersion is estimated to be À1:02 ps 2 , which guarantee the cavity with net anomalous GVD.
Continuous-wave operation started at the pump power of 9.0 mW, and mode-locking operation at the pump power of 19.5 mW. The typical passive mode-locked laser with the pump power of 116.7 mW is shown in Fig. 10 . The optical spectrum of the mode-locked pulses is shown in Fig. 10(a) . The central wavelength and the FWHM are 1557.56 nm and 0.2 nm, respectively. It should be noted that it is hard to obtain a perfect soliton-shaped pulse formation and broad lasing linewidth. This can be explained as follows: 1) owing to the multimode interference in the taper's waist region, the tapered fiber can act as a comb-like filter that will limit the lasing spectral bandwidth [33] ; 2) the inhomogeneous deposition of graphene to tapered fiber will give rise to irregular scattering limiting a perfect soliton-like spectrum [13] . The oscilloscope pulse train of the laser output, as shown in Fig. 10(b) , has a pulse-to-pulse separation of $300 ns, which matches the cavity roundtrip time, indicating that the laser is mode locked. The modulation of the pulse amplitude is an artifact caused by the limited sampling points on the sampling oscilloscope since the pulse duration is too narrow and the sampling rate of our oscilloscope is only 1 Gb/s [29] . We also measured the RF spectrum of the mode-locked pulses with a span of 20 kHz and a resolution bandwidth (RBW) of 30 Hz, as shown in Fig. 10(c) . Its fundamental peak locates at the cavity PRR of 3.33 MHz and has a signal-to-noise ratio (SNR) of 50.7 dB, which further confirms the mode-locking operation and excellent stability of pulse trains [34] . The inset in Fig. 10(c) is the wideband RF spectrum up to 50 MHz. The absence of spectral modulation in RF spectrum demonstrates that the laser operates well in CW mode-locking regime. Moreover, we set up an interferometric autocorrelator for measuring the intensity autocorrelation of the mode-locked pulses, which consists of an amplified avalanche photodetector and a fiber-based Mach-Zehnder interferometer with a variable delay line. The pulse duration is estimated to be 15.7 ps if a Gauss-shape pulse is assumed, as shown in Fig. 10(d) . Therefore, the time-bandwidth product (TBP) is $0.39, indicating the operation with a slight pulse chirp. The maximum pulse energy is 1.26 nJ (corresponding to the average output power of 4.2 mW), which is only limited by the pump LD with available pump power up to 191.2 mW. Since the mode-locked pulse intensity grows monotonically with the increase in the pump power up to maximum, the higher pulse energy can be achieved with higher pump power.
It is worth noting that both the Q-switched and the mode-locked fiber lasers' pulse intensity would slightly decline after long period operation. This may be caused by the fact that the cavity's polarization will change after long time working, and the pulse intensity will recover original state as soon as we mildly rotate the PC. And both the Q-switched and the mode-locked fiber lasers demonstrated above are capable of operating without any thermal damage on the GSA, with the intracavity power up to 15.3 dBm in the Q-switched fiber laser and 16.2 dBm in the mode-locked fiber laser. We believe that the GDTFs can endure higher power by employing a higher pump power, and the thermal damage threshold can be simply elevated by the following methods: 1) using a robust tapered fiber with a diameter more than 3 m; 2) improving the quality of graphene-polymer composites. Moreover, the pulse intensity fluctuation was less than 10% in the Q-switched laser when we rotated the PC, indicating the low polarization sensitivity. This fluctuation may be attributed to the inhomogeneous deposition of graphene around the taper waist and the low polarizationdependent characteristic of other components in this cavity (e.g., OC, WDM, ISO, and so on). Finally, the lifetime of this device is an important factor. Actually, we finished the experiment in one week without the package of this GDTF device. The performance of Q-switched or mode-locked fiber laser did not deteriorate during the process. Under simply packaging this device, we measured the properties of Q-switched and mode-locked fiber lasers after one month without inducing performance degradation and then considered that the properties of this device could be well kept for a long time. Thus, we believe that our device has a long lifetime under good package.
Conclusion
We have proposed and demonstrated optical deposition of graphene onto tapered fibers to fabricate the GSAs. The technique of fabrication of GDTFs is presented in detail. The optical deposition is resulted from the interaction of graphene with evanescent field of the propagating light in the taper waist. Immersing the taper waist to the droplet of graphene aqueous solution, graphene deposition was achieved by injecting light into the tapered fiber. By in situ monitoring the transmitted power, we can control the deposition time to achieve a GDTF with desirable insertion loss. To analyze the deposition process in detail, we also measured the dependence of normalized transmission power on the deposition time under different taper diameters and different deposition powers, respectively. The results indicate that the deposition time could be significantly shortened with stronger evanescent-field intensity and that a tapered fiber with a diameter G 2 m would be easily destroyed by high-power thermal damage. In addition, the high reproducibility of the device can be obtained by improving the uniformity of deposited graphene mentioned in Section 3.1 and precisely controlling the insertion loss of this device.
The experimental results show that in order to achieve Q-switching or mode-locking operation and improve the damage threshold of GDTFs, one can use a GDTF with the taper waist diameter and the graphene-induced insertion loss in the range of 3-7 m and 3-5 dB, respectively. A 3.2-m GDTF with 3.5-dB insertion loss and a 4.3-m GDTF with 3.2-dB insertion loss were used as SAs for Q-switching and mode-locking EDF lasers, respectively. The Q-switched fiber laser had a wide PRR from 10.36 kHz to 41.8 kHz, pulse energy up to 28.7 nJ, and a pulse duration of 3.89 s. The mode-locked fiber laser had the FWHM of 0.2 nm and pulse energy up to 1.26 nJ at 3.33-MHz PRR.
The maximum intracavity power is 15.3 dBm in Q-switched fiber laser and 16.2 dBm in modelocked fiber laser, respectively, which is only limited by the pump LD with the maximum pump power of 191.2 mW. We have experimentally demonstrated that the GDTF can act as a reliable and practical GSA. The pulsed lasers based on GDTF possess the advantages of compactness, high stability, all-fiber configuration, and high thermal damage threshold.
